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ABSTRACT 

An investigation was conducted in a hypersonic shock tunnel to study the 
laminar boundary layer transitio i on a highly cooled 10° cone of 4-foot length over 
the Mach number range of 8. 5 to 10. 5 with a stagnation temperature of 1400° K. 
The effects on transition of tip surface roughness, tip bluntness, and ±2° angle 
of attack were investigated.   With fast response thin film surface heat transfer 
gauges, it was possible to detect the passage of turbulent bursts that appeared 
at the beginning of transition.   Boundary layer pitot tube surveys and schlieren 
photographs were obtained to verify the interpretation of the heat transfer data. 
It was found that the surface roughness greatly promoted transition in the proper 
Reynolds number range.   The Reynolds number for the beginning and end of 
transition at the 8. 5 Mach number location were 3. 8 x 106 to 9. 6 x 106 and 
2. 2 x 106 to 4. 2 x 106 for the smooth sharp tip and rough sharp tip, respectively. 
The local skin friction data, determined from the pitot tube survey, agreed very 
well with the heat transfer data through Reynolds analogy.   The tip bluntness 
data showed a strong delay in the beginning of transition for a cone base to tip 
diameter ratio of 20, approximately a 35% increase in Reynolds number over that 
of the smooth sharp tip case.   The angle of attack data indicated the cross flow to 
have a strong influence on transition by promoting it on the sheltered side of the 
cone and delaying it on the windward side. 

Manuscript received October 20, 1964. 
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Nomenclature 

Cf lcx:al skin friction coefficient 

C local heat transfer coefficient 

CD specific heat at constant pressure 

H free stream stagnation enthalpy 

H model wall enthalpy 

I constant current through heat gage, amps 

k thermal conductivity 
M Mach number 
P pressure 

P1 free stream pitot  pressure 

P1 boundary layer pitot pressure 

q local heat transfer rate,  BTU/ft  -sec. 
Re Reynolds number based on cone surface distance 

Re Reynolds number based on momentum thickness 

Me incremental change in the beginning transition Reynolds 
number 

R initial heat gage resistance prior to run 
T temperature 

u local velocity 

y distance measured perpendicular to uiodei wail 
a angle of attack 

a« heat gage resistance variation coefficient 

6 local boundary layer thickness 
€ local density 

G Prandtl number 
Subscripts 

b backing material for heat gage 

i incompressible flow conditions 

1 local conditions  outside boundary layer 

5 nozzle reservoir conditions 

 „ 
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ROUGHNESS, BLUNTNESS, AND ANGLE OF ATTACK EFFECTS 
ON HYPERSONIC BOUNDARY LAYER TRANSITION* 

H. T. Nagamatsu, B. C. Graber, and R. E. Sheer, Jr. 
Mechanical Investigations Section 

CHEMISTRY RESEARCH DEPARTMENT 

I.  INTRODUCTION 

There is a need for knowledge regarding the laminar 

boundary layer transition at high Mach numbers for the 

development of advanced nose cones, satellites, and space 

vehicles. Above a Mach number of 8, there is no theoretical 

and only limited experimental information available. The 

re-entry nose cone design engineers are thus faced with 

extrapolating the lower Mach number data to the re-entry 

velocities.  In doing this, a conservative design will 

usually result since it will be necessary to use protection 

against turbulent boundary layer heating. With transition 

data in the high Mach number range, it would then be possible 

to more accurately predict the necessary heat protection. 

* This research was partially supported by the Ballistics 
System Division, United States Air Force. 

■ 
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Another application for the boundary layer transition 

knowledge would be in the design of a space plane which 

will be operating in the Mach number range of 5 to 26. 

The engine inlet ramps for this type of plane would most 

likely be very long which would favor boundary layer 

transition which in turn would produce increased boundary 

layer growth, higher heat transfer rates, and varying inlet 

performance. Therefore, theoretical and experimental in- 

formation on boundary layer phenomena at high Mach numbers 

is imperative as more sophisticated concepts are developed 

for future space vehicles. 

The stability of the laminar boundary layer flows to 

small disturbances has been investigated by a number of 

authors " for both incompressible and compressible flows. 

The theoretical analysis show good agreement with the ex- 

perimental results up to Mach numbers of about 3, but 

disagree at the higher Mach numbers. For example, the 

recent theoretical work of Lees and Reshotko predicts 

the experimental data of Laufer and Verbalovich at Mach 

numbers of 1.6 and 2,2 very well; but the theory does not 

agree with the results of Demetriades at a Mach number of 

5.8, where it is an order of magnitude lower in Reynolds 

number than the experimental data. Therefore, an improved 

stability theory which would be applicable to Mach numbers 

greater than 3 is necessary. 

The mechanism for the actual breakdown of the laminar 

boundary layer is still not completely understood. For 

incompressible flow, the existence of Tollmien-Schlichting » 

waves, which agree with theory, has been confirmed experi- 
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8 9 
mentally by Schubauer and Skramstad.  Schubauer and Klebanoff 

indicated that the transition consisted of the formation of 

turbulent spots which grow into completely turbulent flow. 

The recent work of Klebanoff, Tidstrom, and Sargent  in- 

dicated that the three-dimensional perturbations dominated 

the turbulent spot or burst formation. Thus the transition 

for an incompressible flow starts with the formation of 

turbulent bursts. 

For supersonic and hypersonic flows up to a Mach number 

of 8, Laufer and Verbalovich , Demetriades , and Potter and 

Whitfield  have shown the existence of Tollmien-Schlichting 

waves in the laminar boundary layer. Potter and Whitfield 

used hot-wire anemometers to follow the disturbances in 

the boundary layer but were unable to detect any particular 

turbulent burst action. All three sets of data were obtained 

in continuous flow facilities, and as a result, the facility 

itself could possibly mask the turbulent bursts on the model, 

If there was turbulent flow on the nozzle wall, this 

probably introduced enough disturbance into the main flow 

to obscure the turbulent burst action on the model in what 

would appear to be background noise of the instrumentation. 

In the firing range, there is negligible disturbances 

ahead of the model with the result that turbulent bursts have 

been observed on slender models at supersonic speeds.  Jedlicka, 
12 

Wilkins, and Seiff  fired slender ogive-cylinder models at a 

Mach number of 3.5 and observed the turbulent bursts followed 

by a laminar boundary layer similar to what had been noticed 

by Schubauer and Klebanoff at subsonic velocities with hot- 
13 14 

wire probes. Lyons and Sheetz  and Levensteins  fired 
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10° cone models in the Naval Ordnance Laboratory Pressurized 

Ballistic Range at Mach numbers of 3.1 and 3.8 and also 

noticed the turbulent bursts at the beginning of transition. 

In both of these cases, the schlieren and shadowgraphs 

showed the turbulent bursts to be accompanied by weak shock 

waves emanating out into the flow about the body. The con- 

clusion is thus reached, based on the available literature, 

that transition begins with the appearance of turbulent 

bursts. Further evidence will be given for this conclusion 

by the data presented in this report. 

Aside from the basic mechanism of transition, there is 

still the question of the effects of Mach number, surface 

roughness, bluntness, angle of attack, real gas, etc., on 

the laminar boundary layer transition. This report will 

attempt to contribute some insight to the surface roughness, 

bluntness, and angle of attack effects for Mach numbers 

greater than 8. Sputtered platinum surface heat transfer 

gages were used in place of the hot-wire anamometer to 

monitor the laminar boundary layer stability. The response 

of these gages is approximately one microsecond as compared 

to about 10 microseconds for the hot-wire. The heat gages 

indicated the passage of the turbulent bursts and established 

their speed by measuring the transit time over successive 

gages along the cone surface.   It was determined that the 

burst movfid a4* 0.9 of ♦iie f-»p-st-ream velocity which makes 
16 

the disturbance subsonic. A pitot tube survey  of the 

boundary layer was made at various reservoir conditions to 

verify the existence of the different types of boundary 

layers:  laminar, transition, and turbulent. Schlieren 
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photographs  of the boundary  layer were also obtained and 

gave support to the other data.    With the various techniques, 

it was always possible to detect the occurrence of transition. 

This report is one in a series of reports on a continuing 

study of larainar boundary  layer transition on a 10° cone 

at hypersonic Mach numbers.    More detailed information can 

therefore be found in Refs.   15 and 16 on the earlier heat 

transfer,  schlieren, and pitot tube boundary layer survey 

results. 

II.     EXPERIMENTAL EQUIPMENT AND  INSTRUMENTATION 

A.    Hypersonic Shock Tunnel 

All of the tests were conducted in a hypersonic shock 

tunnel with a 24 in.  diameter conical nozzle attached to a 

103-foot  long constant area driven tube.    A detailed 

description of the tunnel and the associated instrumentation 

is presented in Ref.  17.    Combustion of a stoichiometric 

mixture of hydrogen and oxygen with an excess  of helium 

was used in the driver to produce the desired shock wave 

in the driven tube.    The shock wave reflects from the nozzle 

entrance and further increases the pressure and temperature. 

An aluminum diaphragm at the nozzle entrance permits the 

evacuation of the dump tank and nozzle to a few microns 

of mercury to facilitate the flow establishment and minimize 

the strength of the starting shock waves. 
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B. Model 

The cone model of 4-feet  in  length with a  10°   included 

angle was made in five pieces with five pressure  orifices 

and six heat gages.        To simplify the investigations  of 

the leading edge roughness and bluntness, the tips  shown 

in Fig.   1 were made interchangeable.     In this report,  the 

various tips will be referred to as  designated in Fig.   1. 

For the sharp tips, the leading edge diameter was approxi- 

mately 0.002  inches.    The first  static pressure measuring 

location on the model was 2.709  in.  from the tip and was 

constructed with a series of 0.032 diameter holes around 

the circumference connected to a cavity holding the  pressure 

transducer.     Other 0.125  in.   diameter static pressure 

orifices were located at 13.728,  24.730,  35.520,  and 46.541 in. 

from the cone tip with the 35.520 location being used for the 

boundary layer survey.        The heat gages were  located on 

the opposite side of the cone,   180°  from the pressure gages, 

at  18.722,  22.757,  26.742,  35.396,  40.377, and 45.380 in. 

from the cone tip.    The surface of the cone had approximately 

a 50 micro-inch finish.    The model was mounted on a  6 in. 

hollow sting which was  independently supported and vibrationally 

isolated from the dump tank through Teflon bushings. 

C. Instrumentation 

Lead-zirconate-titinate piezoelectric pressure gages,  de- 

scribed in Ref.   15 were used to measure the static  pressure on 

the cone surface and the pitot tube pressure throughout the 

boundary layer.    The pressure gages were dynamically calibrated 

in an  8-inch calibration shock tube over the pressure range 

encountered in the test section. 
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For measuring higher pressures such as the free stream 

impact and reflected shock wave pressures at the entrance 

to the nozzle, the standard Kistler SLM quartz pressure 

transducers were used. The output of these gages is much 

lower than that for lead-zirconate-titinate but are less 

sensitive to vibrations and temperature. Thus, they are 

ideal for measuring high pressures in the shock tunnel. 

The Kistler gage used in the free stream impact probe was 

dynamically calibrated in the 8-inch tube and the reflected 

pressure gages were calibrated with a dead weight tester. 

A single pass Schlieren system with 6-foot focal length 

parabolic mirrors was used to obtain the photographic 

records of the shock waves and the viscous layers. To 

obtain good resolution, a spark of about 0.4 microsecond 

duration was used as the light source. 

The surface heat transfer gages were made of platinum 

sputtered on a pyrex backing to a thickness of approximately 
o 

350 A. To prevent shorting out the platinum film during 

high temperature tests, a thin evaporated film of silicone 

dioxide was placed over the platinum to electrically in- 

sulate it. This coating did not appreciably affect the gage 

response time which remained about one to two microseconds. 

The heat gages were all dynamically calibrated in the 8-inch 

calibration shock tube with the gage characteristics being 

determined as described in Ref. 18. 

■ 

-..■:  — 
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III.  EXPERIMENTAL PROCEDURES AND RESULTS 

The conditions in the test section of the shock tunnel 

are essentially determined by the nozzle area ratio and the 

conditions behind the reflected shock at the entrance to 
17 19 20 

the nozzle.  '  '   The equilibrium stagnation temperature 

and pressure behind the reflected shock wave are controlled 

by the strength of the incident shock wave and the initial 

temperature and pressure in the driven tube.  Viith a combustion 

driver it is possible to operate over a wide range of re- 

flected temperatures and pressures. 

The pressure, P^, behind the reflected shock wave was 

measured with a standard Kistler quartz gage and the correspond- 

ing reflected stagnation temperature, T,., was calculated 

using the known shock velocity at the end of the driven tube 
21-23 

and the equilibrium thermodynamic data for air.      To 

obtain information regarding the air expansion process in 

a hypersonic nozzle, an investigation of the static and 

impact pressures along the axis of the nozzle was conducted 

and detailed results are presented in Refs. 17, 19, and 20. 

For the present investigation, the reservoir conditions were 

chosen such that Tc = 1400oK while P_ varied from 450 psia 
5 5 r 

to 2200 psia.     These reservoir  pressures were high enough 

to have nearly equilibrium conditions  before and after the 

air was  expanded in the nozzle.    The reservoir  pressure 

variation essentially represented a Reynolds  number variation 

at any given  modol.   Trra^on. 

Thp f-es*-   section conditions were  determined by using a 

3/4  in.   hemisphere tip impact   probe.    A typical time history 

of the  output  of this  probe divided by the reflected pressure, 

Pc,   is  shown  in Fig.   2.     As   indicated the reflected reservoir 
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pressure decreases with time while the P /p_  ratio remains 

almost constant over a two millisecond period.    When this 

ratio is converted to Mach number,   it  is  observed that the 

test  section Mach number is nearly constant  over the 

corresponding period which indicates that the real gas 

effects are small as  stated before.    The flow establishment 

time for the shock tunnel was about  0.7 milliseconds which 

explains why Fig.  2 neglects the first millisecond.    There- 

fore,  the effective test time of the facility was two milli- 

seconds which was sufficient for the present  investigation. 

Since a conical nozzle giving source type flow was used 

in the study, the cone model was mounted such that 29  inches 

of it  extended up into the nozzle.     In this configuration 

it was necessary to check the inviscid flow over the model. 

As  indicated in Fig.  3,  the cone surface pressure shows a 

smooth variation with simply a uniform increase over the 

empty nozzle case.    This  indicates that there is no large 

disturbances to the flow inside the nozzle,  and it also 

demonstrates that the flow outside the nozzle was expanding 

as a free-jet.    This  free-jet expansion was most likely due 

to the  low back pressure since the dump tank was evacuated 

to 3 microns of mercury prior to any shot.    The low dump 

tank pressure also reduced the starting shock strength which 

in turn  decreased the instrumentation noise. 

With the present nozzle model configuration and source 

type flow, a Mach number and pressure gradient existed along 

the cone surface.    The Mach number varied from 8.5 to 10.5 

over the six surface heat transfer gages.    For hypersonic 

flow expansion, the local temperature,  hence speed of 

sound,  decreases so as to counteract the increasing Mach 



-10- 

number gradient thus having the local velocity remain 

almost constant. This type of variation is not true for 

subsonic flow where a Mach number increase means a velocity 

increase. For the present tests, the velocity varied from 

5630 to 5744 ft/sec over the 6 heat gages which gave a 
24 

4.29 ft/sec/in increase. Weil  has calculated the effects 

of velocity and pressure gradients for compressible flow, 
4 

based upon the theory of Lin and Lees, and found that they 

are negligible for a free-stream Mach number of 4. As is 

known, free stream gradients do affect the stability of 

incompressible and low supersonic boundary layer flows. 

Without a reliable hypersonic stability theory, it is 

impossible to predict whether or not these gradients are 

important at hypersonic Mach numbers. Nevertheless with 

the previously stated free stream gradients present, 

laminar, transition, and fully turbulent flow were ob- 

tained and will be discussed in the next section. 

The boundary layer surveys presented were conducted with 

a circular pitot tube probe placed in the number four static 

pressure orifice. A picture of the configuration can be 

found in Ref. 16. The inside diameter of the tube was 

0.090 inches with a 0.005 inch wall thus allowing for 

reasonable response time and limited detrimental probe effects 

As to the probe response, Fig. 2 shows the typical laminar 

and turbulent P /Pc ratios. After the initial increase, 
04 5 

the ratio was constant indicating steady flow. This was 

not the picture for the transition flow as will be pointed 

out later where the pitot tube showed large oscillations. 
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The angle of attack data was obtained by pitching the 

cone model to plus and minus two degrees. The cone surface 

pressure and heat transfer gages were kept in the vertical 

plane with respect to the pitch axis. Also, the two degree 

pitch was performed such that the cone tip remained on the 

nozzle axis. Again, the question presented itself as to the 

effect of this configuration on the basic nozzle flow. As 

was the case with the zero angle of attack, the measured 

cone surface pressure variation remained smooth and changed 

only in magnitude as the angle of attack changed from plus 

to minus. Thus, the indication was that this configuration 

did not disturb the basic flow to any greater extent than 

the zero angle of attack configuration. 

IV.  DISCUSSION OF RESULTS 

A. Effects of Surface Roughness 

1. Heat transfer 

The output from the heat gages was converted to local 

heat transfer rates by using the equation 

q(t) = VT  /(PC k),  . 
f 5 

9      P b 
a I R 
2 o o 

AE(t)    -f 1  j  ^AE(t)-AE(^)d>J 

3/2 
(t-A) 

(1) 

where  /(pC ^)h/a2  ^s t^e &a&e characteristic determined in 
the calibration tube.    This equation was  integrated on the 

G.E.  225 computer which greatly simplified the data reduction. 

The local heat transfer rates were converted to heat transfer 

,., ■ ■:■ ■ t,iifot. 

■ 
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coefficients by using the expression 

ch = _g  (2) 

Initially, the discussion of the heat transfer data 

presented in Figs. 4 to 11 will be limited to the effects 

of roughness on the sharp tip cone configuration. The 

laminar and turbulent theories presented in these figures 

were calculated from the work of A. D. Young  and Persh 

respectively using the Reynolds analogy of 

C, = Cf.^  (3) 

'  2a27r^ 

where a is the Prandtl number taken as 0.72 for air. Since 

both of these theories were flat plate theories, the trans- 

verse curvature correction of VS1 was used in the laminar 

case. For the turbulent case, no transverse curvature cor- 

rection was used on the flat plate theory, and as will be 

shown, good agreement with the present cone data was obtained. 

As indicated earlier, there exists an increasing Mach 

number gradient, 8.5 to 10.5 over the six heat gages, and a 

decreasing pressure gradient along the cone surface. This 

tends to complicate the discussion of the local surface 

heat transfer distribution along the cone surface, and as 

a result, only one gage location will be discussed so as to 

limit the variables and simplify the explanation of the 

various reservoir pressures. The first heat gage, located 

18.722 in. from the cone tip will be used as the representa- 

tive gage for the discussion of the smooth and rough sharp tip 
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configurations with the model at zero angle of attack.    The 

Mach number at this gage  location  is  8.5.     It  should be 

understood that any one of the six heat gage  locations could 

be used to follow transition as Reynolds number,  based on 

distance along the cone surface,   is  increased.    The dis- 

cussion would be exactly the same for each gage  location. 

Throughout the present  study,  the reservoir temperature, 

T  , was held at approximately 1400oK while the reservoir 

pressure,   P,., was varied which in turn varied the Reynolds 

number at the first heat gage location.    The  lowest 

reservoir pressure investigated was P = 450 psia,  shown in 

Fig.  4.     Both the smooth and rough sharp tip configuration 

gave a smooth heat transfer trace with all the data 

scatter being contained within the symbols.    The magnitude 

of both configurations was about the same and was  dis- 

placed about 30 percent above the laminar theory.    The 

Reynolds number for this reservoir condition was  1.95x10 

at the first heat gage.    Since the heat gage traces were 

smooth with no noticeable oscillations, uniform laminar 

flow was undoubtedly present  for both the smooth and rough 

tips.    Tip roughness therefore had no effect  on the  laminar 

boundary  layer when the Reynolds number was  low enough. 

The agreement  of the data with the laminar theory  is  poor, 

but this could be due to the fact that the pressure 

gradient  is  net accounted for in tue fiat  p^ace  «-heory. 

About  30 percent  deviation  in the  heat transfer raagnituae 

between theory and experiment was  observed for all  laminar 

cone flow.    The existence of the laminar flow was verified 

by a boundary layer survey as  discussed in the next section. 

■ .■• :■        ■ • 



. ■-■  ;..:   ■.   ■-.■■■ 

-14- 

At the next higher reservoir pressure of P = 585 psia, 

Fig. 5, the Reynolds number at the first heat gage was 

2.55x10 . Again, the smooth sharp tip gave a smooth, 

uniform trace indicating laminar flow.  It v/as found 

after extensive examination that at this reservoir pressure 

and Reynolds number the first heat gage for the rough tip 

configuration was in the very beginning of transition where 

some turbulent bursts started appearing over the gage. Thus, 

the rough sharp tip as compared to the smooth tip introduced 

enough disturbances, which were amplified, to cause the 

formation of turbulent bursts.  Increasing the reservoir 

pressure to 760 psia placed the rough tip well into the 

transition region. Fig. 6. The Reynolds number was 

3.3x10 , and at this condition the heat transfer magnitude 

with large fluctuations approached the emperical turbulent 

theory. The transition occurred with the appearance of the 

turbulent bursts which showed up on the fast response heat 

gage as a pulse oscillation followed by a smooth trace 

indicating the return to laminar flow after the passage of 

the turbulent burst as observed by others at lower speeds, 

Refs. 10, 12, 13. 

The next higher reservoir condition, P =890 psia, in- 

creased the Reynolds number to 4x10 at the first heat gage. 

Fig. 7. For this condition, the heat transfer magnitude 

for the rough sharp tip compares quite well with the 

turbulent theory, and the heat gage trace for the rough 

tip indicated no large oscillations as in the transition 

case but only small high frequency oscillations which are 

characteristic of the fully turbulent boundary layer. 
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On the other hand, the smooth tip shows large oscillations 

in the heat transfer value with the magnitude less than 

the rough tip value and turbulent theory which indicates 

the smooth tip boundary layer to be in the transition flow. 

Thus, the rough sharp tip has disturbed the boundary layer 

enough to force nearly fully turbulent flow a** ♦"he firs«- 

heat transfer gage while the smooth tip has only reached 

transition flow for a Reynolds number of 4x10 . 

From the heat gage traces showing transition flow, it 

was possible to determine the velocity of any turbulent 

burst as it moved over successive heat gages along the 

cone surface. This information showed that the burst is 

moving at approximately 0.9 of the gas velocity outside the 

boundary layer.   This places the point of maximum 

oscillation near the outer edge of the boundary layer. 
11 

Using a hot-vire technique. Potter and Whitfield  found 

the critical height, defined as the location of maximum 

hot-wire output, to be approximately 0.92 of the boundary 

layer thickness for a Mach number of 8 and an insulated 

wall condition. At subsonic speeds, the critical height 

is approximately 0.22 of the boundary layer thickness as 

observed experimentally by Klebanoff, Tidstrom, and 

Sargent.   The present critical height for the cool wall 

case seems to agree with Potter and Whitfield^ insulated 

wall results. Therefore, the large critical height 

location might explain why cooling was not entirely 

effective in stabilizing the laminar boundary layer at 

hypersonic Mach numbers since transition was obtained in 

the present work with a wall to stagnation temperature ratio 

of 0.214. 

, ,.^.... ■ . . . 

■ 
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Increasing the reseivoir pressure as  shown  in Figs.   8 

to 11,   the rough sharp tip remained in  fully turbulent flow 

while  the smooth sharp tip stayed in transition  flow until 

P    = 2200 psia.    The respective Reynolds  numbers at these 
6 6 

conditions were 5.7 xlO    at  Pc  = 1300 psia,   7.3 xlO    at 
£ J 

1800 psia,  and 9.6 xlO    at  2200 psia.    Hence,  the natural 

transition  on the smooth tip cone required a Reynolds 

number  of  9.6 xlO    to become fully turbulent while the rough 

tip forced transition and allowed fully  turbulent  flow to 

form at a Reynolds number of 4 xlO  .    Tip roughness as 

used in this  study was  thus very effective  in  promoting 

boundary  layer transition.     It might also  be noted that 

once fully turbulent  flow was  developed,  the  local heat 

transfer rates agreed quite well with the turbulent theory 

for both the smooth and rough tip configurations.    Also, 

the  local heat transfer oscillations  for the smooth and 

rougn tip turbulent  flows were small compared to the transi- 

tion flow. 

The  local heat transfer rates were reduced to coefficient 

form as  previously indicated.    When the  heat transfer co- 

efficients were plotted against Reynolds  number,  based on 

cone surface distance,  the results shown  in Fig.   12 were 

obtained.    This graph deals  only with the  first  heat gage 

which was   located 18.722  in.   from the cone tip where the 

local Mach  number outside the boundary  layer was  8.5. 

Fig.   12  essentially  presents  in summary form the information 

discussed in the previous  series  of figures.    The graph shows 

the  initial flow at  low Reynolds  number to be  laminar with no 

oscillations.    As the Reynolds number increases,  the boundary 

layer  flow moves  into the transition region with large 
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oscillations  due to the passage of turbulent bursts  over the 

gage.    When fully  turbulent flow is reached for either the 

rough or smooth tip,   the oscillations  become  high in  frequency 

and small in magnitude.    The difference between the smooth 

and rough surfaces upon the transition  of the boundary  layer 

is very evident from this  figure.    The roughness greatly 

reduces the length of the transition region as compared to 

the smooth case.     Once a  high enough Reynolds number is 

reached,  roughness  forces the boundary  layer over to tur- 

bulent  flow very rapidly. 

2.    Schlieren Photographs 

Schlieren photographs were obtained to support the 

previous  interpretation  of the heat transfer data.    A com- 

posite series of pictures with the smooth tip on the top and 

the rough tip model  on the bottom are  presented in Fig.   13. 

To obtain this series  of photographs,   it was  necessary to 

advance the cone further into the nozzle for each successive 

picture since the schlieren windows  on  the dump tank were at 

a  fixed location  just  downstream of the nozzle exit.    Fig.   13 

demonstrates visually that boundary  layer transition was 

actually obtained.    For the smooth tip cone,  all the photo- 

graphs  from left  to right show a well defined light to 

dark boundary which locates the outer edge of the hypersonic 

laminar boundary  layer.    A hypersonic  laminar boundary  layer 

can be seen with a  schlieren system since a  steep density 

gradient exists at the  outer edge of the  layer.     It should 

be noted that the two right-hand photographs  for the smooth 

tip show some eddies  in the light to dark boundary which 

suggests the presence  of turbulent  bursts.     For comparison 

■ 
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purposes,  the heat traces for these conditions are presented 

under the correspondin1"   photographs.    All the heat traces 

are  smooth following m '   le flow establishment except  for 

the  last two right-hand craces which show small oscillations 

in the first and large  burst type  oscillations  in the second. 

The  first set  of traces  indicate the very beginning of 

transition while the  second demonstrates  that transition 

is  further along. 

The rough tip configuration,   lower series  of photographs 

in Fig.   13,   indicate the existence of  laminar boundary  layer 

flow  in the first  three photographs to the left.    The 

corresponding heat traces are also smooth indicating laminar 

flow.    The next three photographs to the right show the 

light to dark boundary fading out  into a waffle type effect 

due to the turbulent  eddy motion.    This  is thus indicative 

of the turbulent  flow since the turbulent  eddy action would 

tend to eliminate the sharp density gradients.    The cor- 

responding heat gage traces for the two right hand photo- 

graphs  of the rough tip cone show very  small high frequency 

oscillations.    Hence the schlieren composite photographs 

verify the local heat transfer interpretation and gives 

further evidence of the existence  of  laminar boundary  layer 

transition. 

3.     Boundary Layer Survey 

A further check on the existence  of the various boundary 

layers was made by  probing the  layer with a pitot tube.     The 

initial portion  of this work was conducted and reported in 

Ref.   16.    So far,  the discussion has centered on the 8.5 

Mach number location along the cone.     In  order to have a 



■  ■   .   "':        ■■- 

-In- 

sufficiently thick boundary layer, for probing, it was 

necessary to move back to the Mach number 10 location, 

fourth pressure gage. This will not change the basic 

discussion and results because once a given location along 

the cone surface becomes fully turbulent, all positions 

downstream of it are turbulent. Also as stated earlier, 

our previous transition discussion would hold true 

regardless of which heat gage had been initially selected. 

The boundary layer probing was extended far enough 

from the wall to measure not only the pitot pressure within 

the boundary layer but also the pressure just outside. The 

results of this investigation are presented in non- 

dimensional form in Fig. 14 where the pitot pressure within 

the boundary layer is divided by that in the free stream. 

The laminar and turbulent profiles show very little oscilla- 

tion while the transition one indicates large oscillations. 

It is interesting to note that the pitot response time was 

fast enough to follow some of the turbulent burst oscillations 

in the transition region. Also, it is observed that the 

major oscillations occur towards the outer edge of the 

boundary layer which agree with the heat transfer data in 

that the turbulent bursts are moving at 0.9 of the free- 

stream velocity. The different profiles were obtained at 

a reservoir temperature of 1400oK and the following reservoir 

pressures: smooth tip laminar P^ = 585 psia (Fig. 15), rough 

tip turbulent P,. = 1300 psia, and smooth tip turbulent P = 

2200 psia.  In Fig. 14 the smooth and rough sharp tip 

turbulent profiles are exactly the same. Hence, it makes 

little difference at hypersonic Mach numbers how a boundary 

layer becomes turbulent because once it is established. 

■ 

. 
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it has no past history of any disturbance effects. This same 

result can be seen in Figs. 16 to 18, for the other profiles 

of velocity, densit-y. and femperature. 

In order to reduce the boundary layer impact pressure 

data to obtain velocity, temperature, density, and Mach 

number profiles, it was necessary to make several assumptions 

because it was not possible to measure the temperature varia- 

tion through the boundary layer. The assumptions used were as 

follows:  (1) Ideal gas flow exists in the test section, 

7 = 1.4;  (2) Constant wall temperature with T = 300oK; 

(3) Static pressure constant across the boundary layer; 

(4) Prandtl number equal to unity;  (5) Total energy constant 

across the boundary layer. 

The first assumption is quite satisfactory since at the 

reservoir temperature of 1400oK and for the stagnation pressures 

employed, the real gas effects were very small with the flow 
19 20 

expanding in equilibrium.  '   A short test period of 

approximately 2.0 milliseconds justifies the second assumption 

in that there is not enough run time involved for the surface 

temperature to change significantly. The constant static 

pressure assumption is a standard one for boundary layer 

analysis. The last two assumptions are the important ones 

and have strong implications with respect to the profiles 

obtained.  By assuming a Prandtl number of unity and con- 

stant total energy across the boundary layer, one is thus 

supposedly dealing with the insulated wall case of no heat 

transfer. This is not the situation for the present experi- 

mental investigation, and as a result, the calculated profiles 

obtained should be taken as only a first approximation to the 

true profiles. The actual test situation is one of a cool wall 
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with heat transfer where T /T = 0.214. Nevertheless, the 
v? o 

above assumptions should hold fairly well in the outer 

portion of the boundary layer where the temperature is close 

to that of the free stream. The validity of these assump- 

tions decreases as one approaches the wall where the heat 

transfer effect becomes important. 

By comparing the velocity profiles for the three types 

of flows, Fig. 17, it is noted that there is a large dif- 

ference between the laminar, transition, and turbulent 

cases. The assumptions used in calculating the profiles 

make them approximate next to the wall, but by considering 

the impact-pressure variations as presented in Fig. 14, it 

is observed that there is a significant difference at 

y = 6/2. Using this as a guide, it can be concluded that 

the difference in the flows existed and was not due en- 

tirely to the assumption employed in the calculations. 

Also, the assumption of constant enthalpy should be reason- 

ably good for the outer half of the boundary layer regard- 

less of the wall heat transfer rates. By comparing the 
27 present results with other data available in the literature 

where total temperature through the boundary layer was 

measured as well as impact pressure, it was estimated from 

this data that a maximum error of 50 percent could exist 

in the present calculated temperature next to the wall. 

This 50 percent error would result in a 25 percent maximum 

error in the calculated velocity. This error would not 

account entirely for the observed differences in the profiles, 

and it would not change the conclusion that laminar, 

transition, and turbulent flow actually existed at 34.52 inches 

from the cone tip for the various test conditions. The 

boundary layer survey thus gave further support to the inter- 
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pretation of surface roughness effects, and it also demonstrated 

that the induced turbulent flow is the same as natural turbulent 

flow. 

From the velocity profiles the local skin friction 

coefficients were determined. When the local skin friction 

coefficient was converted to a corresponding heat transfer 

coefficient, through the Reynolds analogy, it was found that 

very good agreement existed between the boundary layer profile 

data and the local heat transfer data. This agreement helped 

to verify that the above assumptions, used in determining the 

various profiles from the pitot tube data, had very limited 

effects on the final profile shapes. 

For the present turbulent data, the skin friction 

coefficient was divided by the incompressible one and 

presented in Fig. 19, A compairson is made to other experi- 
27-30 31-33 

mental data     and theories     in this figure.  It can 

be seen that the present data agrees reasonably well with 
33 

the other data and flat plate theory of Wilson,  which is 

close to Ref. 34.  It must be noted that the present data 

was plotted without any transverse curvature correction. 

As previously stated, the turbulent heat transfer required 

no transverse curvature correction to agree with the empirical 

flat plate theory; thus, it seems possible, as a first 

approximation, to use the turbulent flat plate results for 

small angle sharp cones at high Mach numbers.  Further ex- 

perimental studies must be performed to verify this conclusion. 

Another interesting observation is that the momentum 

Reynolds number, Refl, for fully turbulent flow decreases as 

the Mach number increases.  At supersonic Mach numbers, 
35 

Coles  found that Re. = 2000 was sufficient for a turbulent 
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30 
boundary layer while Hill  at a Mach number of about 9 

found that the turbulent flow could exist down to Re0 = 1500. 

The present work places the turbulent Re down to approxi- 

mately 1000. 

Up to this point, only the effects of surface roughness 

on the sharp cone configuration have been discussed.  It 

has been shown that the turbulent flow was obtained and that 

the surface roughness had a large effect in promoting turbu- 

lent boundary layer flow.  Only one heat gage and Mach number 

location along the cone was used in the heat transfer dis- 

cussion. Nevertheless, any gage or Mach number location 

could have been used with the arguments being exactly the 

same.  Using the preceding discussion for the other five 

heat gage locations, the transition Reynolds numbers were 

determined for the corresponding Mach numbers. The results 

of this investigation are shown in Fig. 20 where the Reynolds 

number for the beginning and end of transition are plotted 
in ii "XK  ^A 

versus free stream Mach number. The other data  *  *  * 

presented were obtained in continuous flow facilities 

under adiabatic wall conditions in comparison to the cool 

wall condition for the present data. As indicated, there 

is a decrease in the transition Reynolds number in the super- 

sonic range after which it increases through the present range 

of data. For the smooth tip natural transition, the Reynolds 

number curve is still rising at M = 10.5 for both the beginning 

and end of transition. The question that is left to be 

answered is whether or not the transition Reynolds number 

curve continues to increase or bends over to some asymptotic 

value at higher Mach numbers. Further work is presently under 

way at the General Electric Research Laboratory to try to 

answer this question. 
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From Fig. 20 it is also possible to graphically observe 

the strong effect of surface roughness. The increment in 

Reynolds number between the beginning and end of transition 

is much less for the rough sharp tip than for the smooth 

tip cone. This effectively means that the surface roughness 

greatly shortens the transition region. The agreement of 

the adiabatic and cool wall conditions at a Mach number of 

about 8 indicates that the wall cooling effect for stabilizing 

the laminar boundary layer is small at high Mach numbers. 

B. Effects of Tip Bluntness 

With the sharp tip data as background information, it 

was then possible to study the effects of different types 

of tip bluntness. As before, the discussion of the heat 

transfer data will focus on the first heat transfer gage 

location. Referring to Fig. 1, the various tips will be 

designated as shown. The hemisphere and flat blunt tips 

have a diameter of 0.400 in. while the flat face of the 

rough blunt tip has a diameter of 0.072 in. The lowest 

reservoir condition used for the study of bluntness 

effects was that of T = 1400oK and P = 585 psia. Fig. 5. 

It is observed in this figure that the three types of blunt- 

ness, hemisphere, flat, and rough, gave the same results of 

laminar boundary layer flow with no significant difference 

in the magnitude. All the heat transfer magnitudes for 

bluntness are slightly above the smooth tip case. At this 

condition the Reynolds number was too low to separate the 

effects of the different tips on transition. 
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The next higher reservoir pressure studied was P = 890 psia, 

Fig. 7. This figure was discussed previously, and it shows 

the rough sharp tip to be in turbulent flow, the smooth 

sharp tip to be in transition flow, and the hemisphere tip 

to be in laminar flow. The hemisphere tip gave a smooth 

heat trace which has been established as indicative of the 

laminar flow. From Fig. 7, it is evident that with the 

proper tip, it is possible to either delay or promote 

boundary layer transition. 

In Fig. 8 a comparison of the three different tip 

bluntness are made. Actually due to the physical size of the 

tip bluntness, only the hemisphere and flat blunt tip can 

be compared directly while the rough blunt tip must more or 

less be compared to the rough sharp tip.  In Fig. 8 it is 

observed that there is no significant difference between 

the hemisphere and flat blunt tip since they both indicate 

a laminar boundary layer with nearly the same local heat 

transfer magnitude.  On the other hand, the rough blunt tip 

shows large oscillations as compared to the small oscilla- 

tion for the rough sharp tip at the same reservoir condition. 

This would indicate the rough blunt tip to be in transition 

flow at the first heat gage location as compared to fully 

turbulent flow for the rough sharp tip. Therefore, all 

three types of blunt tips demonstrate that bluntness tends 

to delay boundary layer transition to some degree. 

The hemisphere tip was tested at higher reservoir 

pressures in order to obtain some information regarding the 

incremental increase in the transition Reynolds number due 

to bluntness. At a reservoir pressure of 1300 psia, the 

hemisphere tip gave transition flow at the first heat gage. 

Fig. 9. The hemisphere was still in transition flow at 
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P = 2200 psia which was the highest reservoir pressure 

tested, Fig. 11.  This is the correct trend since it 

required a P,. = 2200 psia to put the smooth sharp tip con- 

figuration in fully turbulent flow.  The incremental 

increase in the beginning transition Reynolds number for 

the hemisphere tip over the sharp tip is ARe  = 1.4 x 10 

which is about a 35 percent increase for a cone base diameter 

to tip diameter ratio of 20. This percentage increase is 
37 

in the same range as indicated by Brinich and Sands  for 

bluntness effects on 10° cone boundary layer transition 

at a Mach number of 3.1. 

C.  Effects of Angle of Attack 

The angle of attack data was obtained by pitching the 

model to plus and minus two degrees while holding the cone 

tip on the nozzle axis.  Cone surface pressure and local 

heat transfer data were obtained for both configurations. 

The pressure and heat gages remained in the vertical plane 

with respect to the pitch axis. The pressure data indicated 

that the various configurations did not significantly affect 

the basic nozzle flow.  It also indicated that there was no 

boundary layer separation on the sheltered side of the model. 

Three reservoir pressures at a stagnation temperature of 

1A000K were used in this preliminary angle of attack study: 

P =-• 45Ü psia, P -- 585 psia, and P = 1300 psiar  Only the 

smooth sharp tip was used which leaves the surface roughness 

and bluntness effects for further study. 

Typical osciiioscope traces for one heat transfer gage 

are presented in Fig. 21. The plus angle of attack is 

taken to be with the heat gages on the sheltered side of 

the cone and the minus angle of attack to be with the heat 

gages on the windward side. Considering the 450 psia 
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reservoir pressure, the a = 0° trace is very smooth while 

the a= + 2° trace shows sizeable oscillations which are 

indications of transition flow. At the P5 = 1300 psia 

condition, the a = -2° condition is in the early stages 

of transition, the a = 0° condition is  well in^o t-ransi- 

Mon, and the a»+ 2° condition consists of small high 

frequency oscillations which are typical of turbulent flow. 

From these heat transfer traces, it is already evident that 

the cross flow, due to the angle of attack, is very effective 

in controlling the type of boundary layer generated. 

The local heat transfer distributions for both angles 

of attack are presented in Figs. 22 to 27. The curves 

in these figures were calculated by using the previous zero 

angle of attack theories, the + 2° cone surface pressure 

distributions, and the work of Reshotko.   The first three 

figures in the series contain the H 2° results, heat gages 

on the sheltered side of the cone. Focusing on the first 

heat gage location, the reservoir pressure of 450 psia. 

Fig. 22, placed this location in transition flow where 

before at zero angle of attack it gave smooth laminar 

boundary layer flow. Fig. 4. The 585 psia reservoir pressure 

still locates the first heat gage in transition flow, but 

the magnitude has increased toward the turbulent theory. 

Fig. 23. The 1300 psia reservoir pressure, Fig. 24, shows 

the heat transfer to have small oscillations with the 

magnitude close to that of the turbulent theory; hence, 

the conclusion would be that turbulent boundary layer flow 

exists for + 2° angle of attack at this pressure. The 

Reynolds number at this location and pressure is approxi- 

roately 5x10 . This points out that the cross flow has 

destabilized the laminar boundary layer to the extent of 

.......  ...    ..■,.:■; 
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reducing the end of transition Reynolds number by approximately 

60 percent  on the sheltered side  of the cone over that  of the 

zero angle of attack. 

The minus angle of attack data is  presented in Figs.  25 

to 27.    From Fig.   25,  the 450 psia reservoir pressure condition 

gave smooth heat traces with no oscillations which are 

characteristics  of the laminar flow.    The deviation between 

the experimental data and laminar theory is about the same 

as for the zero angle of attack case.    The actual heat 

transfer magnitude  is greater than for the corresponding 

a  = 0°  due to the cross  flow effect  on the windward side. 

The results  for the 585  psia reservoir pressure, Fig.  26, are 

similar to the 450 psia pressure with the boundary  layer 

remaining laminar.    The 1300 psia reservoir condition  presents 

a different  picture in that  oscillations are present  in the 

heat gage traces,  and the heat transfer magnitude  is 

approaching the turbulent value.    This particular situation 

is that  of transition flow with a Reynolds number of 6 xlO 

at the first heat gage.    This  is  a delay in the beginning 

of transition  on the windward side with approximately 

a  60 percent  increase in Reynolds number above that  of the 

zero angle of attack.    Thus,  the windward most boundary 

layer changed from laminar to transition as the reservoir 

pressure increased from 450 psia to 1300 psia. 

With respect to a = 0°,  the cross flow for a  = 2°  caused 

the transition to move forward on the sheltered side of the 

cone and rearward on the windward side.    This result  is  in 

agreement with the free-flight  data of Jedlicka, Wilkins, 
12 

and Seiff      at a Mach number of 3.5.    The significance of this 

result applies to the re-entry nose cone flying at varying 

angles  of attack.    As demonstrated,  the cross  flow at angle of 
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attack will cause the transition point to oscillate along 

the body  surface which in  turn will affect the body wake. 

Some vehicles might have a completely laminar boundary 

layer and wake at zero angle of attack while at some 

other angle  of attack,  the transition of the boundary 

layer may  occur and change the wake characteristics with 

a corresponding change in the ground radar image. 

V.     CONCLUSIONS 

The  laminar boundary  layer transition on a 10°  cone 

was  investigated in a shock tunnel over the Mach number 

range of 8.5 to 10.5.    The stagnation temperature for all 

the tests was approximately 1400oK which gave a nearly 

perfect gas  flow.    Therefore,  the Reynolds number was 

varied at any given cone  location by simply varying the 

reservoir pressure. 

Only the effects  of Mach number,  surface roughness, 

tip bluntness, and 2° angle of attack on the boundary  layer 

transition were investigated.    Surface heat transfer gages 

were the  primary instruments used to locate the beginning 

and end of the transition region.    These gages  had a 

response time of a few microseconds which enabled them to 

detect the turbulent bursts as they crossed the gages.     It 

was  further demonstrated in this report that the transition 

of the hypersonic  laminar boundary layer starts with the 

appearance  of turbulent  spots  or bursts  in the same manner 

as for subsonic transition.    Schlieren photographs and a 

pitot tube boundary layer survey were used to verify the 

interpretation of the local heat transfer data.    The measured 

cone surface pressure data were used to check the basic 

nozzle flow and determine the flow properties  just  outside the 

boundary  layer. 
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The natural boundary  layer transition  for the  smooth 

sharp tip had a  long transition  region with the  beginning 

and end transition Reynolds  numbers  of 3.8 xlO    and 9.6 xlO 

for the  8.5 Mach number  location.     On the other  hand,  the 

beginning and end transition Reynolds  numbers were  2.Z xlO 

and 4.2 xlO    at  the same  location  for the rough  sharp tip 

which demonstrates  the effectiveness  of proper tip surface 

roughness  in  promoting transition.     Surface cooling  in- 

dicated no particular stabilizing  effect  on the  laminar 

boundary  layer when compared to the adiabatic wall con- 

dition  at  hypersonic Mach numbers. 

The schlieren results gave visual evidence  of the 

start   of transition with the burst  formation followed by 

laminar flow.    They also presented turbulent  flow as  having 

a waffle type appearance as would be expected since the 

turbulent action would tend to smooth out the steep density 

gradients  of the  hypersonic  laminar boundary  layer at the 

outer edge. 

The boundary  layer pitot tube survey was conducted at 

a Mach number  of  10 location.     The total pressure  profiles 

showed a  large difference between the laminar and turbulent 

flows.    The transition  flow had  large oscillations  especially 

towards the  outer edge  of the boundary  layer.    This  maximum 

oscillation  layer agreed with the heat gage results which 

indicated the turbulent bursts  to be moving at  approximately 

0.9  of the free-stream velocity.     The critical  layer,   point 

of maximum oscillation,   is thus well removed from the wall 

at the present  hypersonic conditions which would help to 

explain why the wall cooling effect  for stabilization  is 

small. 
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The velocity, temperature, and density profiles 

determined from the impact data were the same for both 

the natural and roughness induced turbulent boundary 

layer which indicates that the boundary layer flow does 

not have a past history once it is turbulent. The skin 

friction data obtained from the velocity profiles 

correlated very well with the heat transfer data through 

the Reynolds analogy. The turbulent skin friction and 

heat transfer data agreed reasonably well with the 

corresponding flat plate emperical theories without 

any transverse curvature correction which implies that 

no such correction is necessary at high Mach numbers. 

This particular implication must be checked further 

experimentally for verification at high Mach numbers. 

The bluntness results demonstrated that the tip 

bluntness delays transition over that of the sharp tip 

configuration for both the smooth and rough case. There 

was no significant difference between the hemisphere blunt 

tip and flat blunt tip configuration for the reservoir 

conditions tested. The incremental increase in the begin- 

ning transition Reynolds number due to the hemisphere 

was 1.4 xlO for a bluntness ratio of 20. Further 

investigations must be conducted to determine the Me 
tr 

as a function of bluntness ratio at high Mach numbers. 

The 2° angle of attack data pointed out the strong 

influence of the cross flow on the boundary layer. The 

end of transition Reynolds number decreased by 60 percent 

on the sheltered side of the model as compared to that 

of the zero angle of attack while the beginning transition 

Reynolds number increased by 60 percent on the windward side 
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As a result, the cross flow promotes transition on the 

sheltered side and delays it on the windward side.  Further 

study must be done to determine the effects of bluntness and 

surface roughness combined with angle of attack on the transi- 

tion of the hypersonic laminar boundary layer„ 
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P5 = 890 psia, and temperature T5 = 1400° K. 
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Fig.  13   Composite schlieren photographs of flow over a 10° cone with smooth 
sharp (top) and rough sharp (bottom) tips for reservoir pressure P5 = 1300 
psia, and temperature, T5 = 1400oK. 
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Fig.  14  Nondimensional impact pressure profiles for various types of boundary 
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Fig.  15  Nondimensional laminar 
boundary layer profiles (smooth 
tip) P5 = 585 psia, T5 = 1400% 
Mi « 10. 
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